Introduction
Given the hazardous conditions often found in atmospheric and surface based exploration, it is unwise to rely on a single sensor or a sensor system with a single point of failure such as a base station. If that system should fail, then the mission will also fail. An immediate solution to this problem is to utilize a redundant system in which many small sensors are deployed, where, if some sensors should fail, the mission would not. This approach to atmospheric and surface sensing missions breaks away from the conventional method in which all efforts are put into making a single piece of hardware failsafe. Using multiple sensors mitigates mission risk by reducing the probability of failure due to hardware.
When atmospheric or surface sensing probes are deployed by a remote vehicle, be it an orbiting spacecraft or aircraft, the probes will always be distributed randomly. Once in a state of rest, the probes will communicate with each other, collect data, and work together to transmit results in the direction of an orbiting spacecraft or aircraft. In order for this system to be viable, the sensors themselves must be small in order to keep payload weight and occupied volume to a minimum. The primary contributor to individual probe size will be the antenna, therefore, use of an electrically small antenna is desired to keep the sensor as small as possible. Also necessary are beamforming algorithms which allows the random sensor array to collectively steer a beam towards an orbiter or a ground based station. These two enabling technologies, development of an electrically small antenna and beamforming algorithms, are the focus of the present related work. Development of an electrically small antenna based on the stacked sector design [1] is presented, as well as its use in a randomly deployed sensor network. To approximate a randomly deployed sensor network a test bed is designed in which sixteen antennas are randomly oriented on a ground plane. The ability of the random antenna array to beamform a signal is determined as the ground plane angle is varied. Network performance is determined by measuring the bit error rate (BER) as the angle between the deployed sensors and the orbiter varies, signal-to-noise ratio varies and for different numbers of nodes (sensors).
Electrcally small stacked sector antenna
The antenna developed for each sensor is based on the electrically small inductively-loaded stacked sector antenna [1] . An example of the electrically small stacked sector antenna is shown in Figure 1 . This antenna is very low profile and is well suited to applications where space is very limited. Similar to a patch antenna in which the radiating elements are close and parallel to the ground plane, the stacked sector antenna differs by having elements, which are at a slight angle with the ground plane. The principal feature of the electrically small stacked sector antenna (ESSSA) is its use of multiple sectors to create multiple resonances. When the antenna is designed such that both resonances are closely spaced, impedance bandwidth is increased. Antenna size is further reduced through the use of inductive loads which are placed across the antenna aperture. By adding inductive loads the operating bandwidth is shifted downward in frequency without increasing physical size, effectively making the antenna look electrically larger. One inherent downfall to electrically small antennas is a very low real input impedance. For the stacked sector antenna an inductive feed was developed which alleviates the low input impedance problem and provides a 50 Ohm match [2] . Using the inductive feed also removes the need for a matching transformer, further reducing space requirements for the antenna system.
Design goals for the antenna were an operating frequency of 1 GHz -3 GHz, 5 -20 % 2:1 VSWR impedance bandwidth, occupy no more than 4 cm 3 , and exhibit isotropic radiation. It is important that the antenna have an isotropic radiation pattern so that it can communicate with other sensors and orbiters regardless of its orientation. Given the complexity of this design, closed form design equations, which give exact dimensions for the antenna given a desired operational frequency and bandwidth, are impractical. Development of the antenna was . There many degrees of freedom for the stacked sector antenna: sector areas, inductive load widths, cant angle (the angle sectors make with the ground plane), sector flare angle, sector height above ground plane, and inductive feed length/width. Parametric simulations were developed in (HFSS c ) which allowed the antenna response to be studied as one geometrical parameter was varied [2, 3] . In a recursive process where the range of values in each parametric study was refined, an antenna which realized the design goals was created. The simulated design filled a 4 cm 3 volume with the upper sector feed 1 mm from the ground plane and rear edge 6 mm high and the rear edge of the lower sector equidistant between the upper sector and ground plane. Simulations gave values for the inductive feed dimensions which were 0.9 mm wide with a 2.05 mm spacing on either side of the feed and an overall length of 20 mm. The antenna was fabricated using a precision milling machine which uses geometry data directly exported from (HFSS c ). Both sectors and loads were fabricated from brass and the 65 x 65 mm ground plane was constructed from copper ( Figure 2 ).
The fabricated antenna efficiency was measured using a vector network analyzer in conjunction with the Wheeler cap method and was found to be 65 % [4] . to rear edge. Antenna pattern plots are shown in Figures  3, 4 , and 5 where it is clear the antenna has a radiation pattern similar to that of a dipole. All results were from the 65 x 65 mm ground plane; previous simulations show that as the ground plane decreases in size VSWR 2:1 bandwidth decreases only slightly and the resonance associated with the lower sector and ground plane shifts. Since it is uncertain how large the antenna ground plane will be when finally installed in a sensor, simulations are carried out to determine the effects on antenna performance as ground plane size varies. Although ground plane size did effect the resonant frequencies of the antenna, the shift in resonant frequencies can be compensated by adjusting the lower sector cant angle.
Beamforming Algorithms for Random Sensor Arrays
The beamforming algorithm is responsible for establishing communications between the sensor network and the remote transmitter/receiver, e.g., an orbiter or an air- craft. The sensor nodes are interconnected wirelessly such that data is shared freely among the nodes. The relative positions and orientations of the sensors with respect to the orbiter are unknown and are assumed to be invariant in time.
The algorithm is composed of two stages. In the first stage, the orbiter transmits a beacon signal to the sensors, and the sensors estimate the spatial signature that characterizes the transmission direction. In the second stage, a receive beamformer is computed based on the spatial signature. The same strategy is then used to set up the transmit beamformer using reciprocity.
Signal Model
The orbiter transmits an RF signal
where s(t) is the source, f is the carrier frequency, (·) * stands for complex conjugate, and Re{·} stands for the real part. The RF signal received at the nth sensor is given by
where g n is the gain, Δt n is the time delay, and θ n 2πf Δt n is the phase delay. The parameters g n , Δt n and θ n collectively characterize the effects of path loss, polarization, the radiation patterns of the antennas, and the relative positions and orientations of the sensors with respect to the orbiter. Assuming that the source waveform is slow-varying within the time duration Δt n , then s(t) = s(t + Δt n ) is a valid approximation. In this case, the complex baseband signal is given by
There are N sensors in the network. Under additive white Gaussian noise, the received complex baseband signals can be written as an N × 1 column vector
where a stands for the spatial signature, or steering vector, whose column elements are {g 1 e jθ1 , . . . , g N e jθN }, and n(t) is an N × 1 noise vector independent of the source. The complex baseband signals are sampled at t = kT with T being the sampling period. This yields
Note that the sampling times of all sensors do not need to match exactly because the timing error is naturally absorbed in the definition of Δt n . However, the sampling frequency, 1/T , must be identical for all sensors.
Calibration
In the first stage, the spatial signature a is measured by the sensors via observing a beacon signal that is known to all sensors a priori. Let {s b (i)} K i=1 be the K beacon data samples. A state space model can be written as
A Kalman filter is constructed to estimate the state via the recursions [5] 
where I is the identity matrix and R n is the noise covariance. The latter can be measured from the sensors when the beacon signal is absent. The recursions stop when all the K beacon samples are used.
Beamforming
In the second stage, an N × 1 receive beamformer w is selected such that the beamforming output,
recovers the source signal s(k). Note that (·) H stands for conjugate transpose. A common choice of w is the minimum variance distortionless response (MVDR) beamformer that has the form [6] where
H . The MVDR beamformer maintains a distortionless response along the spatial signature, i.e., a H w = 1, while minimizing the output variance. To enhance robustness against covariance estimation error and spatial signature error, a diagonal loading term is often added toR, and the loading level is conventionally chosen 10 dB above the noise level [6] . Once the receive beamformer is established, the transmit beamformer is obtained directly using reciprocity.
Measurement Setup
In order to emulate the scenario where sensors are randomly positioned on a surface, sixteen ESSSA's are fabricated and randomly placed on a large 1 m x 1 m ground plane. Each antenna is also randomly rotated then soldered directly to the ground plane so that no relative shift in position can occur between antennas. A picture of the fabricated ground plane with antennas is shown in Figure 9 . This array is mounted on a rotating table placed in an anechoic chamber at a 45 degree angle from horizontal. To simplify measurements, all sixteen antennas are configured for receive mode and a horn opposite the sensors is in transmit mode and remains stationary. The goal of these measurements is to transmit modulated data from the horn then measure the received I and Q baseband signals from all sensors simultaneously. An Agilent E4438C generates a 10 ksps BPSK modulated signal using a repeating bit pattern with a 10 MHz carrier. The E4438C signal is mixed with a 2.69 GHz carrier then amplified and sent to the transmit horn. On the receive side an electromechanical RF switch matrix is used to select data from one antenna at a time. Every antenna sampled is subjected to an identical bit pattern so that when the data from each measurement is combined it is equal to measuring all antennas simultaneously. Data from each antenna is sent via coaxial cable to the IQ mixer where it is down converted to complex baseband. The I and Q components of the complex baseband signal are sampled by the data acquisition (DAQ) board for signal processing. The DAQ board samples the I and Q signals at 50 kSps and this data is stored on hard disk for later processing. An overview of the measurement setup is shown in Figure  10 .
Measured Results
Several experiments are carried out to test the performance of the ESSSA and the beamforming algorithm. In all experiments, a bit sequence of length 1000 is encoded as an BPSK signal, modulated, and transmitted by the horn. The first 100 bits are known to the sensors for calibration purposes. The received I and Q signals are processed to recover the spatial signature and the source using the presented beamforming algorithm. The source is then decoded to reconstruct the original bit sequence. The signal-to-noise ratio (SNR) is defined as the ratio between the energy per bit and the noise level on one sensor.
BER vs SNR
The performance metric used in this experiment is the bit-error-rate (BER) that is defined as the percentage of erroneous bits in the recovered bit sequence. Multiple measurements are made as the power level of the transmit horn varies, which effectively varies the SNR of the sensors. For each measurement, a bit sequence is obtained and the corresponding BER is calculated. To vary the number of sensors used in the network, the algorithm only processes the samples received from the selected sensors, and the rest are discarded. Figure 11 shows the BER against SNR when the number of sensors in the network varies. The BER successfully decreases as more sensors are incorporated. An addition of 4 sensors to the existing network reduces BER by about 3 dB at SNR = -10 dB. The improvement is more significant in a higher SNR range.
Beampattern
The array beampattern represents the variation in gain due to the beamformer as the angle between the sensor network and the transmitter varies. To measure the beampattern, the sensor network is first calibrated by a beacon signal to construct a beamformer that forms a beam towards the desired angle of arrival. After the beamformer is set up, the rotating table turns clockwise by an increment of 1 0 at which a new set of samples are taken. The procedure is repeated until the table sweeps 180 0 from −90 0 to 90 0 . For each degree, the samples are processed by the beamformer and the power of the beamformer output is calculated and recorded. Figure  12 shows the beampattern of an 4-element network and an 16-element network at SNR = 0 dB. The peaks of the curves are normalized to coincide at 0 dB for comparison purposes; the plots shows the gain due to the beamforming algorithm. Since the additional sensors provide extra degrees of freedom for noise and interference suppression, the pattern of an 16-element network has generally lower sidelobes and narrower mainlobe than that of the 4-element network. Figure 13 shows the beampatterns of the network that is calibrated to two other directions. It demonstrates that the beamforming algorithm successfully forms beams toward the direction of the beacons. While this experiment consists of only 16 sensors, actual sensor networks will have many more sensors, in which case array performance will improve. Figure 14 demonstrates three baseband signals in the time domain at SNR = 0 dB. As shown in Figure 14(b) , the received signal at one sensor is highly corrupted by noise. The beamforming algorithm combines the all the noisy inputs to form the recovered signal that sufficiently recovers the source as shown in 14(c).
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Conclusion
Two important enabling technologies were presented in this paper: an electrically small antenna which min- imizes sensor size and beamforming algorithms which allow sensor networks to form and steer beams to orbiters or aircraft without the need for a local base station. Through use of an inductive feeding mechanism and inductive loading the stacked sector ESSSA gives 100 MHz 2:1 VSWR impedance bandwidth while maintaining a 65% efficiency with an omni-directional radiation pattern. Measuring only 6 mm high, the stacked sector ESSSA is ideal for use in applications where volume is limited, especially in the vertical direction. Crucial to the operation of a sensor network, the adaptive beamforming algorithm coordinates the otherwise weak signals of individual sensors and forms one strong, steered beam in a desired direction. The results of our experiments show that even with a small array of 16 randomly positioned antennas, the beam is significantly steerable and can perform with very low bit error rates.
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